Several lines of indirect evidence suggest that hominoids (apes and humans) and cercopithecoids (Old World monkeys) diverged around 23-25 Mya. Importantly, although this range of dates has been used as both an initial assumption and as a confirmation of results in many molecular-clock analyses, it has not been critically assessed on its own merits. In this article we test the robusticity of the 23-to 25-Mya estimate with Ϸ150,000 base pairs of orthologous DNA sequence data from two cercopithecoids and two hominoids by using quartet analysis. This method is an improvement over other estimates of the hominoid-cercopithecoid divergence because it incorporates two calibration points, one each within cercopithecoids and hominoids, and tests for a statistically appropriate model of molecular evolution. Most comparisons reject rate constancy in favor of a model incorporating two rates of evolution, supporting the ''hominoid slowdown'' hypothesis. By using this model of molecular evolution, the hominoid-cercopithecoid divergence is estimated to range from 29.2 to 34.5 Mya, significantly older than most previous analyses. Hominoid-cercopithecoid divergence dates of 23-25 Mya fall outside of the confidence intervals estimated, suggesting that as much as onethird of ape evolution has not been paleontologically sampled. Identifying stem cercopithecoids or hominoids from this period will be difficult because derived features that define crown catarrhines need not be present in early members of these lineages. More sites that sample primate habitats from the Oligocene of Africa are needed to better understand early ape and Old World monkey evolution.
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evolution ͉ molecular clock ͉ primates B oth the fossil record and analyses of molecular data have been used to infer a hominoid-cercopithecoid divergence of Ϸ23-25 Mya (1-4). Fossil-based dates are typically the result of rounding up the oldest hominoid or cercopithecoid (Fig. 1) . Proconsul is often cited as the oldest hominoid at Ϸ20 Mya (5, 6), although there is some evidence of earlier apes: Morotopithecus is dated to Ͼ20.6 Mya (7), and the dentally hominoid-like catarrhine Kamoyapithecus is radiometrically dated to 24-27.5 Mya (8) . Fossil cercopithecoids are found at a number of Early Miocene African sites but are not found in any context that predates the oldest hominoids (9) (10) (11) . Because the hominoid status of Kamoyapithecus is debatable at this time (12) , Morotopithecus is the oldest undoubted hominoid or cercopithecoid at Ϸ21 Mya (13, 14) . Molecular-clock analyses yield interpolated hominoid-cercopithecoid divergence dates that are largely congruent with the fossil record. Kumar and Hedges (3) interpolated a divergence time of 23 Mya by using a combination of calibration points for birds and mammals (310 Mya) and primates and rodents (110 Mya). Glazko and Nei (4) also calculated a date of 23 Mya by calibrating the divergence of primates and artiodactyls at 90 Mya. The congruence of fossil and genetic estimates is important because a number of molecular-clock analyses have used a 23-to 25-Mya estimate either as an initial assumption (15) (16) (17) or as a confirmation of results (3, 18) . If this estimate were found to be inaccurate, it would have consequent effects on how we interpret crown catarrhine evolution. However, until now the robusticity of the estimate has not been directly tested by any analysis. A more critical assessment of the fossil and molecular evidence indicates the 23-to 25-Mya date is not as well supported as would first appear, suggesting that a more specific test of the estimate is warranted. First, whereas it is possible to estimate from fossils when a split has occurred, it is more difficult to say when a split has not occurred. In other words, one can infer from the earliest hominoid fossil (Ϸ21 Mya) that the divergence must have occurred by this time, but it is difficult to know just how much earlier the divergence might have occurred (1, 5, or 10 million years prior?). The Oligocene sediments from the Fayum are well located in both time and space (Africa) to address this question. Primates from the Fayum include Aegyptopithecus, a taxon plausibly inferred as ancestral to all living catarrhines, and neither hominoids nor cercopithecoids appear among the Fayum fauna, suggesting that 33 Mya is a reasonable upper limit to their divergence date (19, 20) . Sadly, much of the rest of this 33-to 21-Mya time span is so fossil poor in Africa, particularly for primates (21, 22) , that it is impossible to pinpoint when the divergence had not occurred. Given this scarcity of evidence, the fossil record is equally supportive of any divergence time between 32 and 21 Mya.
Second, data sets that either interpolated a 23-25 Mya hominoid-cercopithecoid divergence date from an older calibration (e.g., refs. 18 and 23) or were calibrated by using this date (e.g., refs. 16, 24, and 25) underestimate portions of the hominoid tree for which we have good fossil evidence (14) . For example, Kumar and Hedges (3) estimate the human-chimpanzee divergence at 5.5 Ϯ 0.2 Mya, a date that is at odds with recent discoveries of hominin fossil material dating to as early as 7 Mya (26) . When the aforementioned data sets are instead calibrated by using a 7-Mya hominin date, the hominoid-cercopithecoid split is pushed back between 29-31 Mya (mean ϭ 30.1 Mya), significantly older than 23-25 Mya (1, 14) . Reliance on a single fossil calibration point can also be problematic if it is not well supported. For example, Kumar and Hedges (3) have been criticized for the use of questionable fossil calibrations for the divergence of both birds͞mammals and rodents͞primates as well as their methodology (27) . This criticism casts doubt on their estimates for other nodes, including hominoidcercopithecoid.
Third, rate heterogeneity among different lineages is problematic for molecular clock analyses. Within mammals there is considerable evidence for evolutionary rate heterogeneity, with different mammal groups evolving at different rates (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) , although this finding has been questioned (38) . While some studies run contrary to this finding (39, 40) , there is also considerable evidence for rate heterogeneity within primates, particularly that hominoids are evolving slower than cercopithecoids (the ''hominoid slowdown'') (15, 32, 34, (41) (42) (43) (44) (45) (46) (47) . These findings conflict with the proposition of a global molecular clock for mammals (23) . Divergence dates estimated with a constant rate of molecular change among all lineages are likely complicated by such rate heterogeneity. Local molecular clocks have been used to control for the rate variations to date primate divergences (35, 48) , but the heterogeneity within catarrhine primates (i.e., the hominoid slowdown) has not yet been incorporated into analyses specifically to estimate the hominoidcercopithecoid divergence.
Together these caveats suggest that from both molecular and paleontological perspectives, the 23-to 25-Mya date for the hominoid-cercopithecoid divergence is not as strongly supported as is frequently supposed. There is reason to believe that (i) fossil data from the Oligocene and Early Miocene are much more equivocal, (ii) interpolated molecular clock dates based on single fossil calibrations are not entirely consistent with the more robustly supported hominin fossil dates, and (iii) rate heterogeneity within primates is problematic for dating primate divergences and must be taken into account. Here we estimate the hominoid-cercopithecoid divergence using a method that has four major improvements over previous studies. First, this method incorporates two fossil calibration points, one from within hominoids and one from within cercopithecoids, to date a single divergence point. Second, Ͼ150,000 base pairs of orthologous DNA sequence data are analyzed to estimate the divergence time, a large increase over previous studies. Third, this method integrates a statistically defined model of molecular evolution within the hominoids and cercopithecoids, controlling for rate heterogeneity. Fourth, through the use of maximum likelihood analyses, confidence intervals can be placed around the date estimates, enabling a statistical test of the 23-to 25-Mya divergence of hominoids and cercopithecoids.
Methods
The divergence date for the hominoid-cercopithecoid split is estimated by using a maximum likelihood-based quartet analysis (49), a method that has found widespread taxonomic utility in calculating divergence times (33, (49) (50) (51) (52) (53) (54) (55) (56) . Here this method is expanded to large genomic contigs sequenced in catarrhine primates. Quartet analyses use DNA sequence data from four species, two species each from two clades that are monophyletic with respect to one another. Within each pair, an independent, paleontologically derived divergence date is used to calibrate the overall rate of molecular evolution, which is then used to date the divergence between the two pairs. In this case the two pairs are hominoids (human and chimpanzee) and cercopithecoids (macaque and baboon), and the divergence date estimated is the hominoid-cercopithecoid split (Fig. 1 ). These four species were chosen for two reasons: Within both pairs, fossil data are available to estimate the divergence of the two species pairs with reasonable confidence, and within each of these four species a number of genomic contigs have been sequenced, allowing alignment and analysis of large regions of orthologous DNA.
Divergence Dates. The split between the hominoid pair (humanchimpanzee divergence) is calibrated by using the earliest known hominin, Sahelanthropus tchadensis, which has been dated between 6 and 7 Mya by using faunal comparisons (26) . This date is supported by two other early hominins, Orrorin tugenensis (Ϸ5.8 Mya) (57) and Ardipithecus kadabba (5.2-5.8 Mya) (58) . Although there are no known fossil chimpanzees to date, this evidence strongly suggests that hominins and chimpanzee ancestors diverged by at least 6 Mya, and possibly as early as 7 Mya. However, the lack of an African ape fossil record in the late Miocene does not preclude earlier dates. To reflect this uncertainty, divergence dates of 6 and 7 Mya will be used as the human-chimpanzee divergence date. The split between the cercopithecoid species is calibrated by using an estimate for the split between macaques and baboons͞ mangabeys (together known as papionins). According to Delson et al. (9) , the earliest fossil evidence of papionins is from teeth found in North Africa and Kenya of late Miocene age (6) (7) (8) . Macaques are known from North Africa (77) and Europe (78) by 5.5 Mya, and there is evidence of their arrival in Asia at about the same time.
† † Papionins other than macaques are well sampled from the middle to late Pliocene: Ϸ4-2 Mya. Delson (10) and Delson et al. (9) estimate the split at Ϸ7-8 Mya. Conservatively, we use macaque-baboon divergence dates of 5 and 7 Mya.
Assembly of Genomic Contigs. We designed a method to identify and align regions of orthologous DNA from genomic contigs sequenced in humans (Homo sapiens), chimpanzees (Pan troglodytes), rhesus macaques (Macaca mulatta), and anubis baboons (Papio anubis). The data assembly method had five steps. First, a database was constructed of all of the completely sequenced genomic contigs from both Papio and Macaca available in GenBank. All of the repeat elements (e.g., Alu insertions, LINEs) were removed from these contigs by using REPEATMASKER (available from Smit and Green at http:͞͞repeatmasker.org), resulting in a database of ''masked'' contigs. Second, each Papio contig was compared to the masked Macaca database by using BLAST (59) to find contigs that were orthologous between the two species. A reciprocal BLAST search, from Macaca to Papio, confirmed the matches. From this list of corresponding contigs, five nonoverlapping pairs were chosen. Third, BLAST was used to identify the contigs available in GenBank from humans and chimpanzees that were orthologous to the five cercopithecoid contig pairs. Once identified, the repeat elements were removed from the hominoid contigs. In total, 39.51% of the contig base pairs were identified as repeat elements. Fourth, these five sets, each containing one contig each from human, chimpanzee, baboon, and macaque, were trimmed to include only base pairs common to all four species. These five sets were aligned by using CLUSTALW and CLUSTALX (60, 61) and reviewed to remove any remaining regions of nonhomology. Finally, all non-point mutations, such as mutated CpG sites, mononucleotide repeat stretches, and other complex mutations, were removed from the alignments. These types of mutations can bias mutation models, especially in the case of CpG sites (62) . Omission of these sites, which totaled 1.5% of the total data set, had no significant impact on the results (when all sites are included, the difference in the global average is Ϸ1 Mya greater than the estimate presented here). This method resulted in five alignments of orthologous, nonrepeat DNA sequences, each referred to as a ''contig set'' (Table 1) .
Likelihood Ratio Testing and Quartet Dating Analysis. These contig sets, in conjunction with the two divergence dates, were used to estimate the rates of evolution within these species lineages and date the hominoid split by using the quartet method implemented by the QDATE program (Version 1.1) (49). The method calculated likelihoods assuming the HKY model of molecular evolution (63) with a gamma correction for site-specific rate heterogeneity (64) (HKYϩ⌫) and a user-defined transition͞transversion ratio [both parameters estimated by using maximum likelihood in PAUP* (65)] (Table 1) . Although the choice of model has been shown to have an impact on estimation of divergence dates (66) , in the present case estimated divergence dates were robust to the use of different models (data not shown). Likelihood values were calculated under three different conditions of lineage specific rate heterogeneity. First, the likelihoods of the ''one-rate'' condition were calculated. In this condition, a single rate of molecular evolution was assumed for all of the branches of the tree, a constant (or global) molecular clock. Second, the likelihoods of the ''two-rate'' condition were calculated, assuming one rate of molecular evolution for the hominoid branches and a second rate for the cercopithecoid branches, allowing an estimation of the hominoid slowdown. A third ''free-rate'' condition was examined, where each branch was allowed to evolve at its own rate and no molecular clock is assumed. Comparing the likelihoods under these different conditions, rate constancy can be examined with a likelihood ratio test (67) using a 2 approximation to test the significance of the difference (⌬) in log likelihood values between the given conditions, as implemented in QDATE. First, the one-rate condition is tested against the free-rate condition, to test whether one rate of molecular evolution characterizes the data. Second, the two-rate condition is tested against the free-rate condition, to test whether a model where cercopithecoids and hominoids are evolving at two different rates is a statistically better fit than a model with each branch allowed to evolve at a different rate (essentially a test of the hominoid slowdown hypothesis). Subsequently, when using comparisons where rate constancy holds (one-rate or two-rate), the branch lengths will be converted to ordinal dates, using the calibration points discussed above. The statistically defined confidence intervals on these dates are calculated as described in Rambaut and Bromham (49) . Here, an additional degree of uncertainty in the date estimates of the hominoid and cercopithecoid divergence is incorporated in the analysis by examining a narrow range of plausible fossil divergences within hominoids and cercopithecoids (discussed above).
Results and Discussion
Likelihood ratio tests were constructed to assess whether one or more molecular clocks characterized the evolution of the hominoid and cercopithecoid lineages with each of the four different fossil divergence date estimates (Table 2 ). In none of the contig sets did all four comparisons support rate constancy among the hominoids and cercopithecoids. In three contig sets (A, C, and E), two of the four comparisons were consistent with rate constancy, and in the remaining two contig sets (B and D) there were no comparisons consistent with rate constancy. In total, 6 of 20 comparisons were evolving in a clock-like fashion. Overall, these data do not support a model of rate constancy between hominoids and cercopithecoids. An alternative possibility is that the calibration points are incorrect. However, decreasing the hominoid calibration to dates younger than 6 Mya would be inconsistent with the hominid fossil record, and increasing the cercopithecoid calibration substantially past 7 Mya has no fossil justification. The comparisons that exhibited rate constancy allow an estimate of the hominoid-cercopithecoid divergence with a constant molecular clock. Within each contig set, only contig set A had a confidence interval overlapping a 23-to 25-Mya divergence. In no Under a constant molecular clock, rate estimates for all five contig sets ranged from 5.20 ϫ 10 Ϫ10 to 9.83 ϫ 10 Ϫ10 substitutions per site per year. This estimate not only incorporates estimates from five distinct contigs, but also incorporates paleontological uncertainty for both the hominoid and cercopithecoid divergence dates. However, as shown, the assumption of a constant molecular clock is not valid for most of the comparisons, and these estimates are therefore not preferred. When restricted to the comparisons fitting the one-rate model, the global average is 6.28 ϫ 10 Ϫ10 substitutions per site per year. This estimate is Ϸ3 times slower than a global nuclear molecular clock estimated for placental mammals (22.2 ϫ 10 Ϫ10 ) (23), estimated in part by using a 5.5-Mya divergence for humans and chimpanzees and a 23-Mya divergence for hominoids and cercopithecoids. The rates derived here are more similar to those estimated exclusively from humans and chimpanzees, 7.9 ϫ 10 Ϫ10 , which used a 7.5-Mya divergence for these taxa (34) . When both cercopithecoids and hominoids are analyzed, Yi et al. (34) estimated a rate of 15 ϫ 10 Ϫ10 substitutions per site per year when using a 23-Mya divergence between these taxa and 11.7 ϫ 10 Ϫ10 when using a 30-Mya divergence date. Rates estimated here with a one-rate model are more similar to those estimated from only primates, suggesting that within mammals, different groups evolve at different rates.
Unlike the above cases, there were no significant differences found between the two-and the free-rate models for any comparisons in the five contig sets (Table 2) . Together, these two tests show that when each branch is allowed to evolve at a different rate, they fall into two rate categories, with one rate for hominoids and a second rate for cercopithecoids. Of the five contig sets, four show cercopithecoids evolving more quickly than hominoids. When partitioned, hominoids are evolving at an average rate of 5.86 ϫ 10 Ϫ10 substitutions per site per year, whereas cercopithecoids are evolving 1.45 times faster at 8.52 ϫ 10 Ϫ10 . These tests and the rates of molecular evolution derived for these species strongly support the hominoid slowdown hypothesis as first proposed by Goodman (41) . By using the two rates estimated for these taxon pairs, a date for the hominoid-cercopithecoid divergence can be estimated. Within each contig set, the average divergence dates yield different estimates for the hominoid-cercopithecoid divergence. By examining the within-contig set averages, the uncertainty of the paleontologically derived divergences within hominoids and cercopithecoids can be incorporated into the estimates of the hominoid-cercopithecoid split. Contig A has the youngest average for the maximum likelihood estimates (27.0 Mya), and contig E has the oldest (36.2 Mya). The youngest average lower bound was 24.9 Mya, and the highest average upper bound was 40.4 Mya, essentially bracketing the entire Oligocene. However, of the 20 comparisons, only 2 had confidence intervals that overlap a 23-Mya divergence with 3 additional comparisons overlapping a 25-Mya divergence (Fig. 2) . When incorporating the paleontological uncertainty in the divergence within each pair, these estimates underscore the heterogeneity in divergence estimates between each of the contig sets.
The average dates within each contig set were further averaged to reduce the heterogeneity due to differences among the contig sets, while still incorporating the uncertainty of the divergence dates within the hominoids and cercopithecoids. The youngest average date of the hominoid-cercopithecoid divergence, 27.7 Mya, was found by using the youngest hominoid and cercopithecoid calibration points (6 Mya and 5 Mya, respectively). The average lower bound for this estimate was 25.6 Mya. Divergence dates of 7 Mya for hominoids and 7 Mya for cercopithecoids produced the oldest average estimate, 36.0 Mya, with an average lower bound of 33.2 Mya. In averaging across the contig sets, none of the divergence dates have average confidence intervals that encompassed a 23-to 25-Mya divergence for hominoids and cercopithecoids. Instead, the global average yields a substantially older date for the divergence of hominoids and cercopithecoids: 31.6 Mya with confidence intervals from 29.2 to 34.5 Mya. This range reflects both statistical and paleontological uncertainty, as discussed in Methods. With additional fossil evidence, the fossil calibration points within cercopithecoids and hominoids may be revised, refining this estimate further. For example, better resolution of the age of Sahelanthropus may preclude a human-chimpanzee divergence younger than 7 Mya.
It is interesting to note that the only contig set that was evolving close to a constant rate, set A, yielded the youngest divergences for the hominoid-cercopithecoid split. However, as shown from the remaining contigs where rate heterogeneity is considerable, the estimated divergence estimates are significantly older. This confirms the finding that removing data sets that do not evolve with rate constancy, a common practice (e.g., ref. 23) , is a source of bias (34) .
Two findings suggest possible biases for our estimate of the hominoid-cercopithecoid divergence. First, simulations show that early single calibration points can bias clock estimates of older divergence dates upwards (68) . In these simulations, the estimated dates begin to converge on the actual dates when the length of the simulated data sets approached 500 aa. Our study likely overcomes this bias, because each of the five contig sets analyzed is Ͼ12,000 base pairs. A second potential for bias is in the sample of contigs analyzed, which are all homologous to human chromosome 7. Evidence shows that the substitution rate differs among hominoid chromosomes (69) . However, these substitution regimes are conserved over large phylogenetic distances (69) and therefore it is not clear whether this pattern could bias molecular clock estimates. The correspondence of the present data to two other studies further suggests that the present study is not biased. A study of mitochondrial genomes (35) suggested a 30-to 40-Mya cercopithecoidhominoid divergence when employing local molecular clocks. DNA-DNA hybridization studies (24, 70) when recalibrated with a 7-Mya human-chimpanzee divergence, date the hominoidcercopithecoid divergence to Ϸ30 Mya (14) . These findings are within the confidence intervals presented here.
A 29.2-to 34.5-Mya range for the hominoid-cercopithecoid split is significantly older than is usually estimated, implying that Ϸ10 million years of ape and Old World monkey evolution are largely unsampled. The most obvious reason for this underestimation is that the lack of definitive hominoid or cercopithecoid fossils from the Early and Late Oligocene has been erroneously viewed as evidence of absence. But there are only a handful of known African sites in the period between 33 and 21 Mya on which to make this assessment (the Fayum, Lothidok, and Chilga). Of these, only Lothidok (24-27.5 Mya) has produced a possible hominoid or cercopithecoid primate (Kamoyapithecus), although it cannot be definitively linked to either catarrhine group. Our estimate of the divergence time suggests that the absence of hominoid or cercopithecoid fossils is likely due to other factors: current sites sample inappropriate fauna͞environments, are taphonomically biased (only large-bodied fauna), or are incompatible with the preservation of primate fossils (low densities of hominoids͞cercopithecoids compared with other mammals).
In addition, identifying stem hominoids or cercopithecoids from this 33-to 21-Mya gap is potentially problematic. Derived features used to characterize these groups may not be present in early members, making it difficult to determine whether a catarrhine from the Early or Late Oligocene is a stem catarrhine, stem hominoid, or stem cercopithecoid. Kamoyapithecus is an example of this problem: dental similarities of hominoids are primitive for catarrhines (71) (72) (73) (74) , complicating any assessment of its phylogenetic position. Even Proconsul, which is often considered to be a stem hominoid ancestral to all other known apes, has been suggested by some to be a stem catarrhine (e.g., refs. 71 and 75) because it has few derived features linking it to hominoids other than the absence of a tail and large body size (72, 76) . Compared with Aegyptopithecus, cercopithecoid taxa are more postcranially and dentally derived than hominoids (2), but it is possible that diagnostic features such as bilophodonty are not present in the earliest members of this lineage. Indeed, at the time of their divergence hominoid and cercopithecoid lineages would be as morphologically similar as sister species and virtually unrecognizable as precursors to more distinct groups, raising the possibility that easily recognizable traits such as the absence of a tail or the presence of bilophodonty may not be especially diagnostic of early hominoids or cercopithecoids. In this context, supposed stem catarrhines such as Dendropithecus or Limnopithecus (72) may be more closely related to either hominoids or cercopithecoids than previously thought.
Ultimately, it may be difficult to confidently recognize the earliest members of two closely related lineages, but a reassessment of hominoid and cercopithecoid diagnostic features is warranted given the distance between our estimated divergence and what is known from the fossil record. This gap in our knowledge underscores how poorly we understand the earliest portions of ape and Old World monkey evolution and indicates that finding new sites within Afro-Arabia or reinvestigating old sites from within this time period will be critical to reconstructing the earliest portions of their evolution.
